the recent developments in mass spectrometry-based proteomic and metabolomic strategies. Mass spectrometry has become the most widely used platform in proteomics and metabolomics because of its ability to analyze a wide range of molecules, its optimal dynamic range, and great sensitivity. The fast measurement of a broad spectrum of metabolites in various body fluids, also collected in small samples like dried blood spots, have been facilitated by the use of mass spectrometry-based techniques. These approaches have enabled the timely diagnosis of inherited metabolic disorders, thereby facilitating early therapeutic intervention. Due to its analytical features, proteomics is suited for the basic investigation of inborn errors of metabolism. Modern approaches enable detailed functional characterization of the pathogenic biochemical processes, as achieved by quantification of proteins and identification of their regulatory chemical modifications. Key Message: Mass spectrometry-based "omics" approaches most frequently used to study the molecular mechanisms underlying inherited metabolic disorders pathophysiology are described. These disorders include aminoacidopathies, urea cycle defects, organic acidemias, defects of oxidation of fatty acids, and lysosomal storage diseases. Inborn errors of metabolism constitute a significant proportion of genetic diseases, particularly in children; however, they are individually rare. Clinical phenotypes are very variable, some of them remain asymptomatic, others manifest metabolic decompensation in neonatal age, and others encompass mental retardation at later age. The clinical manifestation of these disorders can involve different organs and/or systems. Some disorders are easily managed if promptly diagnosed and treated, whereas in other cases neither diet, vitamin therapy, nor transplantation appears to prevent multi-organ impairment. Summary: Here, we discuss the principal challenges of metabolomics and proteomics in inherited metabolic disorders. We review
the recent developments in mass spectrometry-based proteomic and metabolomic strategies. Mass spectrometry has become the most widely used platform in proteomics and metabolomics because of its ability to analyze a wide range of molecules, its optimal dynamic range, and great sensitivity. The fast measurement of a broad spectrum of metabolites in various body fluids, also collected in small samples like dried blood spots, have been facilitated by the use of mass spectrometry-based techniques. These approaches have enabled the timely diagnosis of inherited metabolic disorders, thereby facilitating early therapeutic intervention. Due to its analytical features, proteomics is suited for the basic investigation of inborn errors of metabolism. Modern approaches enable detailed functional characterization of the pathogenic biochemical processes, as achieved by quantification of proteins and identification of their regulatory chemical modifications. Key Message: Mass spectrometry-based "omics" approaches most frequently used to study the molecular mechanisms underlying inherited metabolic disorders pathophysiology are described.
Introduction
Diagnostic and therapeutic strategies in genetic and rare metabolic diseases are based on biomarker-driven approaches. Genes, proteins and metabolites are the most frequently used biomarkers. The increase in "omics" technologies offers a great opportunity to dissect a biological system in an unbiased mode. The new concept of personalized medicine relies on global and integrative approaches for patient care. Inborn errors of metabolism (IEMs) are an interesting model for personalized medicine because the deregulated pathways underlying these diseases have been described to some extent.
Inborn Errors of Metabolism
In 1908, Garrod [1] coined the term "inborn errors of metabolism" to describe genetically determined conditions, which are caused by alterations of a specific enzymatic reaction. IEMs constitute a significant proportion of genetic diseases, particularly in children; however, they are individually rare. Clinical presentations can span from the prenatal period through adulthood and are often nonspecific; therefore, appropriate laboratory tests are essential for formulating a diagnosis [2] .
The genetic bases of IEMs are very heterogeneous and can involve genomic rearrangements, deletions or insertions, one or more point mutations. The pathogenesis of IEMs is due to the loss-or gain-of-function of mutant proteins (usually enzymes or transporters), which alter a specific cellular flux. Accumulating upstream metabolites, deficiency of downstream metabolites, or diversion of metabolic flux to secondary pathways can mediate the toxicity of IEM mutations [3] .
Because IEMs are linked to a genetic defect, the most frequently used characterization is the identification of the mutated gene and its products. However, the genotype-phenotype correlation is lacking in many IEMs, which highlights the idea that modifying factors can have an impact on the altered pathway, on the metabolic flux as a whole. It is important to keep in mind that these disorders are related to the disruption of specific interactions in a highly organized metabolic network [4] . Thus, it is not easy to predict the impact of a given disruption. Therefore, an integration of scientific skills and methods is needed to assess the altered cellular pathways and the potential interactions with other pathways.
Traditionally, the inherited metabolic diseases were classified as disorders of carbohydrate metabolism, amino acid metabolism, fatty acid metabolism, organic acid metabolism, or lysosomal storage diseases.
Amino Acid Disorders
Amino acid disorders are a group of metabolic conditions that impair the synthesis and degradation of amino acids. This causes an increased production of intermediates that become toxic to the central nervous system. The severity of the clinical picture depends on the amino acid involved, the duration of its accumulation and the supervention of other medical complications. Dietary managements are the main treatments for most aminoacidopathies. They aim to prevent accumulation of the substrate to toxic levels and to restore deficiencies of the enzymatic products [5] . Dietary treatment includes natural protein restriction combined with amino acid mixtures lacking the amino acids prior to the metabolic block.
Fatty Acid Oxidation Disorders
Mitochondrial beta-oxidation is the major pathway for degradation of fatty acids and is essential for maintaining energy homeostasis within the cell. Beta-oxidation is a main energy source for the heart, skeletal muscle, and kidney. Inherited defects are known for most of the gene-encoding enzymes and transporters involved in fatty acid oxidation. Patients have low fasting tolerance showing hypoketotic hypoglycemia that may progress into Reye-like syndrome. Patients may also have skeletal muscle and cardiac disease. In addition, fatty acid oxidation was also shown to have a key role in the pathophysiology of common disorders like insulin resistance, obesity or diabetes. Treatment options for fatty acids oxidation disorders are few [6] . Carnitine supplementation is crucial in patients with primary carnitine deficiency. Patients with other fatty acids oxidation disorders may display secondary carnitine deficiency, which is also treated by carnitine supplementation. Research efforts are employed in this field to design novel therapeutic strategies.
Organic Acidemias
Organic acidemias or organic acidurias (OAs) are caused by deficiency of enzymatic activities in the catabolism of amino acids, carbohydrates, or lipids [7, 8] . Mono-, di-, or tricarboxylic acids, generally referred as organic acids, accumulate in body fluids. In the neonatal period, OAs lead to toxic encephalopathy, seizures, lethargy, coma, hypotonia, respiratory distress, and poor feeding. For specific OAs, patients can show progressive neurological deterioration, ataxia, Reye syndrome, or psychiatric symptoms. Therapeutic management includes dietary restriction to reduce the substrate of the deficient enzyme and/or supplementation with L -carnitine e/o glycine to increase the excretion of toxic metabolites and/or use of proper vitamins to favor the residual activity of the mutant enzyme, and, finally, liver and/or kidney transplantation [9] [10] [11] .
Some OAs are comfortably managed if promptly diagnosed and treated, but in some cases brain deterioration is quite common. Formation of the toxic metabolites may in fact occur within the brain [12] . This is particularly true for OAs related to propionate metabolism in which neither diet, vitamin therapy, nor liver transplantation appears to prevent neurological complications [12] .
Here, we review the most recent mass spectrometry (MS)-based proteomic and metabolomic strategies used in the diagnosis and in the study of IEMs. Omics strategies play a central role in the postgenomics era of health care. Measurements of metabolites in various body fluids are the current tools for diagnosis of IEMs. MS has in fact facilitated the rapid and economical evaluation of a broad spectrum of metabolites from small samples, including dried blood spots (DBS). This approach has enabled the timely diagnosis of IEMs, thereby facilitating early institution of therapy.
Proteomic Strategies and Applications in IEMs
Nowadays, proteomics is able to adapt to many different functions and activities taking advantage of the huge improvement in MS techniques and instrumentations to carefully identify thousands of proteins in a biological sample [13] . This makes it attractive in molecular medicine, where it is called clinical proteomics, as a powerful tool able to investigate perturbed pathways causing diseases and discover novel unannotated proteins or biomarkers of disease. A proteomic biomarker is defined as "a specific peptide or protein that is associated with a specific condition, such as the onset, manifestation, or progression of a disease or a response to treatment" [14, 15] .
The combination of liquid chromatography and electrospray ionization-tandem MS (LC-ESI MS/MS) represents the most effective and used approach for the analysis of proteomes [15] .
"Bottom-Up" and "Top-Down" Proteomic Strategies The conventional proteomic strategy is called "bottom-up" ( Fig. 1 ) . The sample is first subjected to proteolytic digestion and then analyzed by MS; thus, proteins A schematic view for "bottom-up" and "top-down" proteomics. "Bottom-up" is the most common strategy to identify proteins and characterize their amino acid sequences by tandem mass spectrometry. After proteolytic digestion, peptides are fractionated and further fragmented into mass spectrometer. The "top-down" approach involves the use of the intact protein whose fragmentation directly occurs in mass spectrometer. The major advantage relies on the possible identification of posttranslational modifications, which are more probably retained along the fragment ions generated from intact protein, rather than protein peptides.
are identified by matching the masses of proteolytic peptides or their tandem mass spectra with theoretical in silico digestions performed by bioinformatics tools. Alternatively, new emerging "top-down" approaches do not make use of proteolytic enzymes and propose to analyze intact proteins [16] . While the former approach confirms to be the most robust strategy for protein identification ensuring better separation of peptides compared with proteins [16] , the latter aims to identify all the proteoforms of a protein expressed in a sample including genetic mutations, alternative splicing variants, and posttranslational modifications (PTMs) [17] . The identification of PTMs gains a crescent importance in basic and translational research due to their implication in regulating protein structure, function, and localization [18] .
Quantitative Proteomics
The presence or absence of proteins can be useful to characterize in a qualitative fashion full proteomes of cells or tissues. Nowadays, on the other hand, the challenge of quantitative proteomics is to understand how and why protein levels change from a condition to a second one. MS-based quantitative proteomic approaches can be recognized as label-based and label-free ( Fig. 2 ) . The first class comprises chemical or enzymatic labeling, including two-dimensional-difference in-gel electrophoresis (2D-DIGE), isotope coded affinity tags (ICAT), isobaric tag for relative and absolute quantitation (iTRAQ), tandem mass tags (TMT), 18 O-labeling, and metabolic labelling, in particular stable isotope labeling by amino acids in cell culture (SILAC). The strategy contemplates to incorporate stable isotope labels within the peptide, thus introducing an expectable mass difference between the compared conditions detectable by MS. 2D-DIGE makes use of fluorescent dyes coupled to a high-resolution separative method, such as 2D electrophoresis. These strategies provide the highest accuracy in protein quantitation but they also hold many disadvantages, among which the high cost and possible partial incorporation of labels as well as time expense and operative effort [19] .
On the other hand, the application of label-free quantification (LFQ) approaches has become widespread because they seem to overcome all above-mentioned downsides, guaranteeing high-throughput and large-scale protein analysis. The most commonly used LFQ methods can be divided into two groups: (1) spectral counting (SpC) and (2) area under the curve (AUC) or signal intensity measurement. The SpC method provides relative quantification of a protein by counting the number of MS/MS spectra of all the peptides associated with that protein and Quantitative mass spectrometry-based proteomics Fig. 2 . Graphic representation of quantitative mass spectrometrybased proteomic methods. Quantitative strategies are mainly divided into two groups: label-free and label-based. Label-free methods include spectral counting and high resolution-mass spectrometry (HR-MS1) quantitation by extracted ion. On the other side, label-based methods comprise DIGE, SILAC, iTRAQ, ICAT, TMT, and 18 O-labeling. These approaches allow the identification and quantification of differentially expressed proteins in 2 or more different samples in comparison, giving the possibility to elucidate molecular pathways in which these proteins are involved.
correlating it with its abundance in the sample. In the AUC method, protein abundance derives from the extracted ion chromatograms (XIC); peak areas are calculated from precursor ion signal intensity in the full scan MS1 data acquired during an LC-MS/MS run [19] [20] [21] .
Proteomic Data Interpretation
One of the most common pitfalls in proteomic experiments is the downstream data analysis combined with interpretation of results. The Human Proteome Organization (HUPO) has developed a set of MS data interpretation guidelines describing the standards for protein identification and acceptability of data. HUPO suggests the need of more stringent criteria with the aim to uniform proteomic community enabling the universal consultation of experimental results [22] .
Regardless of the scientific approach used, the big amount of data produced by MS experiments requires the use of advanced software and bioinformatics tools. These are becoming essential in predicting the properties and elucidating structure, interactions, and function of proteins [23] .
Urinary Proteomics: Clinical Applications in Genetic and Rare Metabolic Diseases
The innovation of high-throughput and high-resolution MS-based proteomics has revolutionized molecular medicine, giving the possibility not only to simply identify deregulated proteins but also to frame them within a biological/pathophysiological context. Nevertheless, the preparation of the sample remains the crucial step in proteomic research. Therefore, appropriate refined solubilization, purification, and fractionation strategies are essential for reliability and reproducibility of results [24] , as well as numerous biological and technical replicates are required in order to win the statistical significance [24, 25] .
Clinical phenotype and the current knowledge of the disease are the starting point for the choice of the sample and the most appropriate experimental procedure. For example, for most of genetic kidney diseases (GKD) urine is the first-rate specimen used for proteomics experiments. Urine represents a cheap and easily available noninvasive specimen, a rich source of information about differentially expressed proteins, peptides and pathways depending on patients' mutated genotype as well as biomarkers of disease [15] . In 2001, Spahr et al. [26] started mapping the urinary proteome identifying 124 proteins; the number of identified proteins grew to over 1,500 in 2006 when Adachi et al. [27] performed an extensive proteomic analysis, up to more than 2,500 proteins when using prefractionation and combining the proteomic data from several urine specimens [15, 28] . Gel-based or gelfree methods are suitable for urinary proteome analysis. In particular, liquid chromatography-tandem MS and capillary electrophoresis-MS perform rapid separation of protein species in the sample, after preconcentration and enrichment of the low abundant fraction, providing a more accurate analysis especially for peptides and small proteins (<20 kDa) [13, 15, 29] .
Excluding the strictly kidney-related pathologies, the systemic nature of urine has allowed to study the molecular basis and research urinary biomarkers for a large variety of diseases of different origin (in example appendicitis, prostate cancer, tuberculosis, and major depressive disorder) [28] .
Increasing attention is being given by researchers to urine-related specimen represented by extracellular vesicles (EVs). Many kinds of EVs have been isolated, among which exosomes, microvesicles, and apoptotic bodies, different from each other by origin, dimension, and protein content [30] .
Considering its intricate structure, the glomerulus does not let EVs coming from serum go beyond the areas of the nephron, reinforcing the idea that urinary EVs are mainly derived from renal cells [31] . This is the main reason for considering EVs in research as an excellent source of information in the study of kidney genetic diseases, probably more than the urine itself.
In particular, exosomes originate from all the segments of the nephron through invagination of the plasma membrane forming endosomes, whereupon they are released in the extracellular compartment. They are considered as supramolecular systems containing and transporting proteins [30] . Exosomes contain only 3% of the total number of urinary proteins; this fact allows researchers to detect the small portion of low-abundance proteins whose mass signal intensities could be covered by the ones produced by high-abundance proteins. In addition, exosomal proteins include a large number of membrane proteins -transporters, receptors, and channels, among others. Consequently, it is of advantage to study these proteins that are widely differentially expressed in order to elucidate molecular mechanisms acting in GKD [30] .
For a more detailed description about urine proteomic characterization of GKD, such as glomerular diseases, renal tubular diseases, and polycystic kidney diseases, the reader can refer to specific reviews in that field and references contained therein [32, 33] .
Urine also represents the substrate to be monitored for onset, manifestation, or progression of many IEMs as well as diagnosis. However, proteomic strategies are applied to better investigate molecular bases and perturbed pathways in metabolic disorders. In this field, there have been many attempts to elucidate altered pathways in organic acidemias: among these, the proteome of methylmalonic acidemia (MMA) is the most widely investigated. Imperlini et al. [34] discussed the evolution and application of proteomic strategies with emphasis on isolated MMA and MMA with cobalamin deficiency type C. Although proteomic studies have been conducted on fibroblasts or lymphocytes of MMA patients, many of the most promising results have been obtained using liver tissues coming from transplanted patients. The study of the differentially expressed proteins by 2D-DIGE analysis showed their primary involvement in metabolic pathways, such as energy and carbohydrate metabolism, likely to be due to a metabolic adaptation that occurs in liver mitochondria to compensate for the developed dysfunction, a primary trait in MMA patients [34] [35] [36] .
Metabolomic Strategies and Applications in IEMs
Metabolomics is an emerging "omics" science involving large-scale study of small molecules, metabolomes and their interaction with the biological system. Metabolites and their concentrations reflect the biochemical activity and collectively provide a "fingerprint" of the linkage between genome and environment. The scientific challenge is represented by the qualitative and quantitative identification of whole metabolomes. The term "metabonomics" was firstly used to indicate the profiling of whole metabolic composition in a living system with simultaneous determination of their changes resulting from multiple environmental conditions as well as genetic background [37] . Finally, "metabolomics" was used to indicate the comprehensive and quantitative analysis of all metabolites in a system [38] . Nowadays, metabonomics and metabolomics are used interchangeably. Metabolomics aims to compare relative differences between biological samples based on their metabolomic profiles.
Results of metabolomic analysis are strictly dependent upon an appropriate experimental design. Sample collection, number of subjects, technological platforms, data mining, and bioinformatics tools are crucial parameters able to maximize the analytical power of metabolomic analysis. A metabolomics study can be performed according to targeted and/or untargeted strategies ( Fig. 3 ) . Specific and quantitative targeted metabolomics allows the evaluation of defined metabolites, and it is based on an a priori hypothesis [39] . Nonspecific untargeted metabolomics is performed to determine undefined metabolites, providing a functional fingerprint of the analyzed sample.
Specimens in Metabolomics
Urine, plasma, or serum samples represent noninvasive or minimally invasive samples. Indeed, urine metabolome is chosen to better describe kidney changes: it is easily and noninvasively collected; blood, plasma, and serum represent minimally invasive samples and are related to systemic changes [40] . A convenient blood sample collection, storage, and transport are obtained using DBS [41] . DBS collection allows obtaining metabolite profiles similar to those from more abundant protein-depleted plasma [42, 43] ; moreover, it does not require preanalytical steps as sample preparation, storage, freezing, and dry ice transport [44] .
Technological Platforms in Metabolomics Analysis
The different chemical structure and quantitative abundance of metabolites lead to selective, sensitive, and rapid metabolomic methodologies. Due to its high sensitivity and specificity, MS can be used for qualitative and quantitative analysis of many analytes. A big advantage consists in easily coupling MS and separation techniques as chromatography, such as LC-MS, gas chromatography (GC)-MS, LC-MS/MS and capillary electrophoresis-MS [45, 46] . Once the data have been obtained, statistical analysis has a great impact on their biological interpretation. The LC platform provides high sensitivity and selectivity and allows performing the determination of nonvolatile, low-or high-molecular weight compounds, thermally unstable and characterized by a wide polarity range. Reversed-phase LC enables the separation of metabolites with different physicochemical properties. Conversely, hydrophilic interaction LC was used to separate highly polar from ionic molecules. Huge improvements in the chromatographic resolution have recently been obtained
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Mass spectra analysis Fig. 4 . Flowchart of the methodological strategy for the screening of inborn errors of metabolism. Blood from a prick on the heel of the newborn is collected on dried blood spot (DBS; second-third day of life). This method lets the biological sample be chemically more stable, simplifying delivery modes and allowing easy and long-term sample conservation. Metabolites are extracted and eluted from the DBS, and suitably prepared for mass spectrometry analysis. The use of neutral loss, precursor ion scan, and multiple reaction monitoring experiments allows quantifying metabolites which are biomarkers of specific inborn errors of metabolism.
by using ultra-high performance LC and two-dimensional-LC techniques [41] . Volatile and thermally stable compounds are traditionally analyzed by GC separation, after derivatization steps. Statistical analysis can be performed by unsupervised methods (principal components analysis) to identify outliers in metabolomics experiments or by supervised methods (partial least squares) to correlate a feature of interest with the entire metabolomic dataset [45] [46] . Enrichment analysis is then performed to define biologically meaningful patterns that are significantly represented in the obtained metabolomic dataset. Metabolomic data can be clustered into different networks of metabolic pathways, in which nodes represent experimental and known metabolites [46] .
Metabolomics for the Screening of IEMs
To date, the most successful application of targeted metabolomics analysis is related to the newborn screening of IEMs. The measurement of amino acids and acylcarnitines enables the identification of many IEMs just few days after birth [47, 48] . If not diagnosed and early treated, most of them might cause mental and/or growth retardation, severe permanent sequelae and, in some cases, death ( Fig. 4 ) .
MS-based newborn screening is used not only to make a diagnosis but also to define the optimal therapy and monitor the therapeutic dose. Another important advantage of high-throughput MS-based screening is the very low costs if compared with gene sequencing or SNP profiling [38] .
An international collaborative project (http://www. clir-r4s.org) identified 114 biomarkers, amino acids, amino acid ratios, acylcarnitines, and acylcarnitine ratios, to be used in the newborn screening by tandem MS [48, 49] . The marker cut-off values were calculated by the abovequoted collaborative project using approximately 25-30 million normal newborns and 10,742 true positive cases. The range value of a normal population (i.e., normal range), the range value of true positives (i.e., disease range), and the interval between the 99th percentile of a normal population and the 5th percentile of disease range (i.e., target range) were defined for each biomarker. In order to minimize false negative and false positive results, each biomarker cut-off was set within the target range. Cbl, cobalamin; C0, free carnitine; C2, acetylcarnitine; C3, propionylcarnitine; C4, butyryl-L-carnitine; C4DC, methylmalonylcarnitine; C4OH, 3-hydroxybutyrylcarnitine; C5, valeryl-L-carnitine; C5OH hydroxyglutaryl-L-carnitine; C6, hexanoylcarnitine; C8, octanoyl-L-carnitine; C10, decanoylcarnitine; C10:1, decenoylcarnitine; C16, hexadecanoyl-L-carnitine; Ctot, total carnitine; FIGLU, formiminoglutamic acid; Gly, glycine; Met, methionine.
a For this patient only, the reported cut-off refers to the low limit. Table 1 shows the concentration and upper cut-off values of the primary and secondary metabolic markers, obtained by LC-MS/MS-based expanded newborn screening in our laboratory in the period 2007-2014. Secondtier tests are performed on the DBS by LC-MS/MS analysis for those conditions identified by the same biomarkers, like for example MMA and propionic acidemia, both identified by propionylcarnitine [34] . Data obtained in our laboratory showed that the analysis of amino acids and acylcarnitines in DBS by tandem MS revealed 24 affected newborns among 45,466 infants evaluated between 48 and 72 h of life (overall incidence 1: 1,894). An interesting advanced procedure to quantify a specific marker for tyrosinemia type I was introduced [49, 50] . The use of succinylacetone as new biomarker was included to avoid false negative results for tyrosinemia type I. Tyrosine, a canonical biomarker of tyrosinemia types I, II, and III, can be transiently increased in many newborns, especially those born prematurely. On the other hand, tyrosine can be within the normal range in reported cases of tyrosinemia type I, thus showing that it is not a good marker for the pathology. The sample preparation was then modified, so that succinylacetone could be extracted as hydrazone derivative and analyzed with other metabolites in a single step [49] . Succinylacetone is in fact produced in case of tyrosinemia type I.
Multiplex MS/MS assays to screen for lysosomal storage disorders in DBS have been developed [51, 52] . It was demonstrated that a single DBS specimen can be used for all the analyses. Newborn screening for lysosomal storage disorders has revealed that late-onset variants of these conditions are unexpectedly frequent and therefore may evade diagnosis. Late-onset variants of these conditions often exhibit a nonspecific phenotype, making it particularly difficult to consider or to justify a request for several single-enzyme activity tests or single-gene analyses.
In case of positive results obtained from LC-MS/MS analysis on DBS, second-level tests are required. Dosages of organic acids in urine constitute the most used secondlevel test. All carboxylic acids and some nitrogen-containing compounds such as pyroglutamate, or amino conjugates like hippurate (benzoylglycine) and glycine derivatives are considered organic acids; short-chain fatty acids are also ascribed to this group of organic substances. Organic acids are water-soluble compounds, usually detectable at the greatest concentration in urine samples. The most complete separation and identification of these metabolites are excellently performed by GC-MS after oximation reaction, liquid extraction, and trimethylsilyl derivatization. The oximation reaction stabilizes 2-keto acids; the trimethylsilyl derivatization improves the thermal stability and volatility of the organic acids. Final identification of the organic molecules is obtained by mass spectra interpretation. Table 2 shows the most common metabolites identified in urine that are biomarkers of a group of IEMs named organic acidemias. 
Conclusions
Much of our knowledge of protein changes in IEMs arose from differential proteomic analyses using different biological fluids or tissues from patients. These clinical proteomic studies are challenged by specimen availability from patients as well as healthy subjects. Further investigations, including label-free proteomic approaches, could be employed for relative protein quantitation between specimen from patients and healthy controls for their versatility and the required small amount of biological samples.
By a global view of protein variations associated with IEMs, most of the identified differentially expressed proteins are involved in energy metabolism, cellular detoxification, and oxidative stress. Despite these first successful results, the molecular mechanisms underlying most of IEMs pathophysiology still remain to be deciphered. Therefore, we cannot exclude that increased and/or decreased cellular metabolites could regulate epigenetic modifications and modulate the activities of key enzymes, as well as protein PTMs. In this context, MS-based strategies could be a useful platform for the analysis of PTMs, thus indicating which PTMs impact metabolic processes and cellular functions.
Metabolomic analysis of IEMs, derived from extended newborn screening performed using the LC-MS/MS platform, allows quantifying specific biomarkers, which facilitates disease diagnosis, pathogenesis, and therapeutic treatment optimization.
The future challenge in the study of IEM metabolomics is to develop simultaneous targeted and untargeted methods aimed to detect predetermined metabolites with high sensitivity and accuracy, while allowing detection and identification of still unknown metabolites.
